The Rhodobacter sphaeroides 2.4.1 his/ gene, which encodes a phosphoribosyl-AMP-cyclohydrolase that catalyses the third step in the histidine biosynthetic pathway, has been isolated from a genomic library of this phototrophic bacterium by complementation of an Escherichia coli his/ mutant. Analysis of the nucleotide sequence of the R. sphaeroides his! gene reveals that it encodes a deduced product of 119 aa with a predicted molecular mass of 13.4 kDa. In contrast to the situation in E. coli, the R. sphaeroides his/ gene encodes a unifunctional protein and it is not linked to the his€ gene. The absence of a single histidine operon like that of E. coli was confirmed by PFGE experiments and complementation analysis of a R. sphaeroides his/ mutant that was constructed by marker exchange. The location of his/ in the R. sphaeroides genome has been determined to be at map co-ordinate 2275 +20 of chromosome 1.
INTRODUCTION
The biosynthetic pathway for histidine has been widely studied in different micro-organisms, both prokarpotes and eukaryotes. Although the intermediate products and the enzymes involved seem to be quite similar for diverse organisms, there are important differences among them in terms of gene distribution and regulation mechanisms.
The biosynthesis of histidine is carried out by an unbranched pathway that is more closely linked to the metabolism of pentoses and purines than to any of the other amino acids. This pathway has been analysed in Escherichia cob and Samonella t_yphimtlriz/m both biochemically (Martin e t al., 1971) and genetically (Carlomagno e t al., 1988) . It is known that in these microorganisms the eleven steps of the pathway are catalysed by enzymes encoded by eight structural genes, which are clustered in a single 7-5 kb operon, organized in the sequence hisGDCBWAF(1E). A primary promoter and two internal promoters (to avoid the polar effect), as well as a rho-independent terminator, have been identified (Winkler, 1987) . Studies in other organisms show that the arrangement of
The EMBL accession number for the nucleotide sequence reported in this paper is X82010. his genes is very variable. In Lactococctls lactis (Delorme e t al., 1992) , the relative order of the genes is the same as in enteric bacteria, but the operon contains additional ORFs of unknown function. In Streptomyces coelicolor (Limauro et al., 1990) several genes are located in a main cluster, while other genes have been found in unlinked loci of the chromosome. A main cluster that does not contain all the genes is also found in Bacillus sabtilis (Henner e t al., 1986) and Aaospirillum brasilense (Fani e t al., 1993) . In Saccharomyces cerevisiae (Donhaue e t al., 1982) and Negrospora crassa (Legerton & Yanofsky, 1986 ) the histidine genes are scattered over different chromosomes.
The histidine biosynthetic pathway is extensively used for studies of gene structure, expression and regulation. E. coli and S. gphimwizlm possess an elaborate network to control the rate of histidine biosynthesis, which includes feedback inhibition, metabolic regulation, attenuation and control by supercoiling (Winkler, 1987; O'Byrne et al., 1992) . The wide information acquired on his genes allows us to use them as a model system for the study of gene regulation.
To the best of our knowledge there are only two reported sequences of genes related to the biosynthesis of amino acids (trpC and glnAB) from photosynthetic organisms (Becker-Rudzik e t al., 1992; Zinchenko e t al., 1994) , and no histidine gene has yet been characterized. The isolation IP: 54.70.40.11
On: Thu, 03 Jan 2019 22:00:58 E. ORIOI, a n d O T H E R S of the R. spbaeroides histidine genes would be useful, not only to analyse the metabolic pathway of this amino acid further, but also to provide a model for the study of regulation of biosynthetic genes in a phototrophic bacterium.
As a first step to studying the regulation mechanisms of histidine biosynthesis in R. sphaeroides, the his1 gene was isolated by complementation of a characterized mutant of E. coli. This technique takes advantage of the fact that the histidine biosynthesis genes of different species can complement auxotrophic strains of E. coli, even if they are not phylogenetically related (Bazzicalupo et al., 1987) .
The E. coli his1E gene, which is 610 bp in size, is located in the distal part of the histidine operon and encodes a phosphoribosyl-ATP-pyrophosphohydrolase : phosphoribosyl-AMP-cyclohydrolase, which catalyses the second and third steps in the histidine biosynthetic pathway. These include hydrolysis of N'-(5'-phosp h o r i bos y 1) -AT P to N'-(5 ' -p ho s p ho ri bo s y 1) -AMP and pyrophosphate (hisE enzyme activity), followed by a ringopening reaction on the purine (his1 enzyme activity).
In this paper, we report the cloning and sequencing of the hid gene, as well as its mapping on the chromosome of R. sphaeroides and the construction of a his1 mutant. Surprisingly, unlike most micro-organisms studied so far, we have found that the R. sphaeroides his1 gene encodes a unifunctional protein and that it is not linked to the hisE gene.
METHODS
Bacterial strains and plasmids. These are listed in Table 1 .
Media and growth conditions. E. coli and S. t_yphimzlritlm strains were grown in either complex LB (Miller, 1992) or NB medium (Nutrient Broth no. 2; Oxoid), or minimal AB medium supplemented with 0.2 ' / o (w/v) glucose (Clarke & Maalae, 1967) at 37 O C for 16-20 h. Plasmid extracts were made from cultures growing in TB medium (Sambrook et al., 1989) .
R. sphaeroides strains were grown in complex 2 broth (Pemberton & Bowen, 1981) or minimal Pfennig medium (Pfennig & Trupper, 1983) lacking yeast extract and supplemented with 0.2 % (w/v) sodium succinate. In all cases, growth of R. sphaeroides was performed aerobically in the dark at 30 "C for 36-48 h.
Media were supplemented when necessary with 25 pg histidine ml-', 40 pg X-Gal ml-' or antibiotics at the following concentrations : 17 pg tetracycline ml-' for E. coliand 1.7 pg tetracycline ml-' for R. sphaeroides; 50 pg ampicillin ml-'; 34 pg chloramphenicol ml-' ; 75 pg rifampicin ml-l; 75 pg streptomycin ml-l ; 100 pg spectinomycin m1-l.
Construction of a R. sphaeroides library. R. sphaeroides chromosomal DNA was extracted, partially digested with Sau3AI and purified by ultracentrifugation on a sucrose gradient (Ausubel et al., 1989) . Fragments of 5-8 kb were ligated to the broad-host-range cloning vector pRK404 (Ditta et al., 1985) , previously digested with BamHI. The ligation mix was introduced into E. coli DH5a by electroporation (Dower e t al., l988) , and cells were plated on LB agar supplemented with tetracycline and X-Gal. The library was amplified and maintained at -70 OC in 15 % (w/v) glycerol.
Molecular biology techniques.
Plasmid DNA isolation, agarose gel electrophoresis, restriction endonuclease digestions, enzyme treatment and transformation were carried out as described elsewhere (Sambrook et a/., 1989) . Random primer labelling and Southern blot hybridization were performed following the ' D I G System User's Guide for Filter Hybridization ' from Boehringer Mannheim.
Prior to DNA sequencing, a set of exonuclease 111-mediated nested deletions of the DNA fragment of interest was obtained, using the Erase-a-Base system (Promega). The DNA sequence was determined for both strands by the dideoxynucleotide chain-termination method (Sanger et al., 1977) on an ALF Sequencer (Pharmacia Biotech) or on a GATC 1500-System DNA sequencer (MWG-Biotech), using M13 primers of pBluescript SK( +) in both cases.
Nucleic acid and protein sequences were analysed using the University of Wisconsin Genetics Computer Group software package, version 8.0.
Pulsed-field gel electrophoresis. Intact genomic DNAs from R. sphaeroides were prepared in InCert agarose plugs as described by Smith & Cantor (1987) . PFGE was performed in a Pharmacia-LKB apparatus. Gels were made of 1 % (w/v) agarose (SeaKem LE; FMC) and run at 15 O C in modified TBE buffer (100 mM Tris, 100 mM boric acid, 0.2 mM EDTA; final pH 8.0-8-4). Electrophoresis conditions were standardized in order to obtain two different resolution windows: 10 V cm-' for 36 h, with a 10-120 s pulse ramp, resolved fragments from 200 to 1600 kb; 6-6 V cm-' for 24 h, with a 5-35 s pulse ramp, resolved fragments from 30 to 450 kb. Chromosomes of S. cerevisiae YPH80 (Promega) and phage , I DNA concatamers (New England Biolabs) were used as size standards.
RESULTS A N D DISCUSSION
Cloning of the R. sphaeroides his/ gene To isolate the R. sphaeroides his1 gene, a genomic library of this bacterium, constructed as described in Methods, was transferred from E . coli DH5a to E. coli UA4845 (his4 by triparental mating, using the plasmid pRK2013 as helper. Transconjugants that grew in the absence of exogenous histidine on plates containing tetracycline and rifampicin were selected, Although E. coli and R. sphaeroides are not closely related, the his1 genes are conserved enough to encode functionally equivalent proteins.
Plasmid pUA509, containing a 4.9 kb insert, was isolated from one of these transconjugants and further characterized. First, it was introduced by transformation into various E. coli his mutants, namely hisA, hisB, hisC, hisD, hisF and hisG, in order to test its ability to complement histidine mutations other than his1. No complementation was observed in any case. This plasmid was also introduced by electroporation into two different his1 strains of S. t_yphimuriuna (SB4281 and 1125) in order to test complementation of pUA509 in different genetic backgrounds. In both cases, pUA509 allowed the recovery of the prototrophic phenotype.
An accurate restriction analysis of pUA509 showed that three fragments (0.9, 1.2 and 1.3 kb) were generated after digestion with SaA. Each of these fragments was subcloned in the SaA site of pBluescript SK, and the constructs were used to transform UA4845. Replica-IP: 54.70.40.11
On: Thu, 03 Jan 2019 22:00:58 hisl gene of Rhodobacter sphaeroides sphaeroides his/ mutants. Subclones were obtained either by the restriction enzymes indicated, or by exonuclease 111-mediated deletions. Cloning vectors are shown in parentheses and the position of the lac promoter is indicated by an arrow. Only fragments cloned in pRK404 were tested in R. sphaeroides because pBSK is not stable in this organism (NT, not tested).
plating of several recombinant clones of each type on minimal medium, with and without histidine, showed that only the plasmid harbouring the 1.3 kb fragment (pUA510) complemented the mutation (Fig. la) . Furthermore, cloning of this fragment in the opposite orientation in relation to the Lac promoter of the vector also enabled the transformed UA4845 to grow in the absence of histidine. This result indicates that there is a R. sphaeroides promoter in the 1-3 kb fragment, which can be expressed in E. coli.
On: Thu, 03 Jan 2019 22:00:58 In order to confirm that the cloned fragment belonged to the R. sphaeroides chromosome and that no reorganizations had taken place during the cloning process, a 0.7 kb EcoRI-Hind111 fragment obtained from pUA510 was used as a probe to hybridize with total R. sphaeroides DNA digested with SaA. As expected, a hybridization band of 1.3 kb was detected (data not shown).
GTCGC-TGACCGAG ATGAAGGAAG TCCTGTCCCG CTGCTCCGAG ACACTGATCG
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Nucleotide sequence analysis of his/
The nucleotide sequence of the 1.3 kb fragment contained in pUA510 was determined (Fig. 2) present in the databases. ORFl is preceded by a putative ribosome-binding site (RBS) (Shine & Dalgarno, 1975) , located 7 bp upstream of the ATG. The fact that the codon usage of O R F l is very similar to those of other Rhodobacter genes suggests that it really is protein-coding sequence (Bibb e t al., 1984) .
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Owing to its similarity to the hisl genes of other microorganisms, ORF2 was assigned to hi^-1. The R. sphaeroides his1 gene is found 33 bp downstream of the O R F l stop codon and there is a likely RBS, complementary to the R. sphaeroides 16s rRNA 3' end (Gibson e t a/., 1979), located 8 bp upstream of the ATG. No putative promoter sequences or transcription stop signals were identified either upstream or downstream of the hid gene. The R. sphaeroides his1 gene is 360 bp long. Comparison with the E. coli and S. t_yphimurium hisIE 5'-terminal region (which encodes the cyclohydrolase activity) shows an overall identity of 62-7 Yo and 59.6 YO, respectively. The derived amino acid sequence is homologous to the N-terminal domain of various HisIE proteins (Fig. 3) , showing an overall 62.6 % and 64.3 Yo similarity to the HisIE peptides of E. coli and S. typhimurizlm, respectively. We therefore conclude that R. sphaeroides his1 encodes a unifunctional IP: 54.70.40.11
On: Thu, 03 Jan 2019 22:00:58 his1 gene of Rhodobacter sphaeroides protein with a predicted molecular mass of 13.4 kDa, while the bifunctional E. coli and 5'. t_yphimwizlm proteins have a molecular mass of 22.8 kDa.
The alignment of the sequences of the different gene products, as well as the percentages of identity with the predicted R. sphaeroides H i d , are shown in Fig. 3 . When conservative substitutions are allowed, similarity is approximately 60 %. The similarities are not homogeneously distributed throughout the sequence. Amino acids 50-110 of the R. sphaeroides protein show a higher degree of coincidence. As previously described (Beckler & Reeve, 1986), this region is characterized by the conserved presence of three cysteines and three tripeptides (KGE, DCD, SCF), which are probably essential for the function of the protein.
The 1.3 kb fragment from R. sphaeroides was able to complement E. coli mutants regardless of its orientation in relation to the lac promoter of pBluescript SIC. This could indicate that R. sphaeroides his1 was being transcribed in E.
coli from its own promoter. Nevertheless, a subclone with a 250 bp deletion of the 5' end of the pUA510 insert (Fig.  lb) was unable to complement the mutation although it carried an intact his1 gene, indicating that this region contains the promoter from which the transcription of the gene occurs. The analysis of the sequence demonstrated that the transcription of his1 in pUA510 might start at the preceding ORFl promoter: a putative a" promoter (Lang e t al., 1995) is found 28 bp upstream of the ORFl translational start codon, with the presumptive -10 and -35 regions separated by 18 bp (Fig. 2) . The homology with the 0" promoters of E. coli would allow recognition by the E. coli RNX polymerase. An EcoRI-Hind111 fragment of 0.7 kb, which contained the whole his1 gene and just the 3' end of ORF1, was cleaved from pLJA510. Transformation of E. coli UA4845 showed that this fragment was able to complement the mutation only when it was cloned in the same orientation as the lac promoter from pBSIi (Fig. lb) . This demonstrates that ORFl is unnecessary for the expression of his1 in E. coli, so long as a promoter in the suitable orientation is provided.
Construction of a R. sphaeroides his/ mutant
T o obtain a R. sphaeroides hisI mutant by marker exchange, the isolated hisI gene was disrupted by insertion of an R streptomycin/spectinomycin interposon (Fellay e t al., 1987) into an internal A p a I site. After several subcloning steps, the mutated his1 gene was cloned in the suicide plasmid pSUP202 (Simon e f a/., 1983) . The resulting construct, pUA534, was introduced into a wild-type strain of R. spharroides by triparental mating. Selection was carried o u t on 2 agar plates containing streptomycin and spectinomycin. Clones that had integrated the whole plasmid by single crossover were discarded by testing for tetracycline sensitivity. The resulting clones were plated on Pfennig plates with and without histidine in order to confirm the loss of the prototrophic phenotype.
The R. sphaeroides his1 mutant strain UX8123 was also analysed by Southern blotting. A 0.7 kb EcoRI-Hind111 fragment containing his1 was used as a probe against total D N A from both wild-type and UA8123 strains. The hybridization bands of the mutant, when digested with either Sa/I o r SmaI, showed a decreased mobility in relation to the wild-type hybridization pattern, as was expected after the insertion of the 2 kb R interposon (Fig.  4) . O n the other hand, when digested with BamHI, which cleaves the R interposon, the mutant strain showed two hybridization bands whose summed sizes equalled the size of the wild-type hybridization band.
An additional verification of the UA8123 his1 mutant consisted of testing for the recovery of the prototrophic phenotype when complemented in trans by the his1 gene. To do this, pLJA509 was introduced into Uh8123. All the resulting transconjugants were able to grow on minimal medium without histidine. These results demonstrate that the mutation caused by the insertion of the R interposon is not polar, at least concerning genes of histidine biosynthesis. Fragments BamHI-Hind111 and BclI-Hind111 (Fig. lb) cloned in pRK404 were also able to complement UA8123. This demonstrates that the R. sphaeroides his1 is transcribed in this bacterium from an unidentified promoter which is located closer to the start codon. This promoter is not functional in E. coli, where the R.
spbaeroides his1 gene is expressed from the previously described ORFl promoter. Therefore, the main obstacle to the expression of the R. sphaeroides his1 gene in E. coli seems to reside in the recognition of its promoter. R. sphaeroides genes are seldom expressed in E. coli, because of differences at the transcriptional level, due to the different G + C content (68 mol%, in contrast to the 50 mol9'0 of E. colz). sphaeroides, and that these genes lie relatively far apart on the chromosome.
Chromosomal localization of the R. sphaeroides his/ gene
To locate the his1 gene on the physical map of the R. sphaeroides chromosome, total DNA of R. sphaeroides was extracted and digested with the low-cutting-frequency enzymes AseI and DraI. The digestion products were separated by PFGE, transferred to a nylon membrane and hybridized with a 0-7 kb probe containing k i d . The Axe1 digestion showed a single hybridization band of 1100 kb, which corresponds to fragment A described by Suwanto & Kaplan (1989a) . DraI digestions showed a single hybridization band of 660 kb, designated as band C by Suwanto & Kaplan (1989b) .
To determine the precise location of the gene in these bands, we took advantage of the fact that the SZ interposon contains AseI and DraI restriction sites. Therefore, restriction of the DNA from the mutant strain with these enzymes will cause the cleavage of a specific band into two new fragments, which can be directly detected after electrophoresis. Total DNA from both R. sphaeroides 1100 kb band had disappeared. O n the other hand, the UA8123 DraI-digested DNA produced two bands, of 230f 10 and 430 f 10 kb in size, instead of the 660 kb band of the wild-type. These results were confirmed by hybridization using the EcoRI-Hind111 his1 probe.
Taking these data into account, the R. sphaeroides his1 gene could only be located at co-ordinate 2275k20 kb of chromosome I, that is, about 420 kb from the AseI A-K and DraI C-D junctions (Fig. 5) , according to the R.
spbaeroides map co-ordinates described by Mackenzie e t al.
.
Finally, to confirm that his1 and hisE are not physically linked, a DNA fragment from pUA556 was used as a probe to hybridize with A d and DraI digests of R. sphaeroides 2.4.1 genomic DNA. The probe hybridized with the AseI A (1100 kb) and the DraI M (55 kb) bands (Mackenzie e t al., 1995) . This confirms that there are about 300 kb between the bid and hisE genes of R.
sphaeroides, and also that the histidine biosynthesis genes in this bacterium are not encoded in a single transcriptional unit like that of Enterobacteriaceae. In agreement with this, the R. sphaeroides hisA and hisB genes have been determined to be located approximately at map co-ordinates 1900 and 2350 of chromosome I, respectively (Mackenzie e t al. , 1995) .
